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Abstrat: We study the impat of initial-state multiple parton radiation on transverse
momentum (qT ) distribution of Higgs boson produed via bottom quark fusion at hadron
olliders. The shape of the resulting qT distribution is aeted by the bottom-quark mass
orretions and by the strong kinematial behavior of the bottom-quark parton density. We
aount for both features in the full range of qT . To do this, we formulate the resummation
alulation in a general-mass fatorization (S-ACOT) sheme and introdue a orretion in
the resummed-term to aount for the eet from large-qT kinematis of Higgs boson. The
results of this resummation are ompared to xed-order and PYTHIA preditions.
Keywords: Higgs Physis, NLO Computations, Hadron Colliders.
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1. Introdution
Understanding of eletroweak symmetry breaking (EWSB) is the entral hallenge for high
energy physis. The searh for Higgs boson(s), assumed to be responsible for the generation
of gauge-boson and fermion masses, is the primary task for the existing and future high
energy olliders.
The Higgs setor may be represented by one omplex salar doublet, as it is eonomi-
ally realized in the Standard Model (SM), or by two or more doublets, as it takes plae in
the Minimal Supersymmetri Standard Model (MSSM) and its extensions. In MSSM, two
Higgs-doublet superelds are neessary to generate masses for up- and down-type quarks
and provide remarkable anellation of triangle anomalies.
The two MSSM Higgs doublets have independent vauum expetation values (VEVs),
vu and vd. The sum of the squares of these VEVs is xed by the well-known Z boson mass,
but their ratio, denoted as tan β = vu/vd, is a free parameter of the model. As a result of
spontaneous symmetry breaking, ve physial partiles appear in the Higgs setor: h (light
CP-even), H (heavy CP-even), A (CP-odd), and H± (harged). An important feature of
MSSM is that, for large values of tan β, the Yukawa ouplings of the b-quarks to the neutral
Higgs boson H (where H = h, H, or A) are enhaned by a fator 1/ cos β ompared to the
SM bb¯HSM Yukawa oupling.
In the MSSM, Higgs boson masses are funtions of CP-odd Higgs mass, mA, and tan β.
The experimental lower limit on the Higgs boson mass dedued from the LEP data [1℄
favors senarios with a intermediate-to-large values of tan β (& 5 − 10). Theoretially,
senarios with large tan β are highly motivated by SO(10) models of supersymmetri grand
uniation [219℄. Therefore, proesses involving Higgs boson prodution via enhaned bb¯H
Yukawa oupling in the MSSM and other new physis models may have large prodution
rates and ould play an important role in the study of the Higgs boson [20℄.
The partoni proesses ontributing to the inlusive Higgs boson prodution with en-
haned bb¯H oupling are represented by (a) bb¯ → H; (b) gb → Hb; and () gg → bb¯H
sattering. In perturbative quantum hromodynamis (QCD), these are not independent
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prodution mehanisms, sine b partons inside the hadron beam/target arise from QCD
evolution (splitting) of gluons, and gluons radiate o quarks [2123℄. The three proesses
(a,b,) all give rise to the same hadroni nal states, with two B-mesons appearing in dif-
ferent, but overlapping, regions of phase spaeeither as beam/target remnants, or as high
transverse momentum partiles. The distintion between the three proesses depends very
muh on the fatorization sheme adopted for the QCD alulation, as has been reently
reviewed in Ref. [20℄.
These Hbb¯ proesses have been extensively studied reently in SM and MSSM senar-
ios [2437℄. Calulations in the 5-avor sheme have been arried out to the 2-loop level
[32℄, whih onsiderably redued the theoretial unertainty due to the perturbative expan-
sion, as estimated by the residual sale dependene. Comparison of results obtained in the
4- and 5-avor shemes has also been arried out [36, 37℄. It shows onsisteny between the
two shemes in the energy region of the Fermilab Tevatron and the CERN Large Hadron
Collider (LHC).
In spite of the good theoretial ontrol of the inlusive Higgs boson prodution ross
setion in bb¯ fusion, neither the 4-avor nor 5-avor sheme is adequate for prediting the
transverse momentum (qT ) distribution of the Higgs boson, when qT values are of the order
of the b quark mass (mb), at any xed order of the perturbative alulation. To properly
desribe the low-qT region and determine the qT range where xed-order alulations are
appliable, one should resum large soft and ollinear logarithms, as we disuss in detail
in the next setion. Furthermore, a more omprehensive fatorization sheme (general-
mass variable avor number sheme) must be used to desribe non-negligible dependene
on mb when qT is omparable to mb. Many studies of soft gluon resummation for the
kinematial distributions of Higgs boson produed via gluon-gluon fusion are available in
the literature [3845℄. As for the soft gluon resummation in prodution of Higgs boson
via bb¯ fusion, it was rst disussed for massless b quarks in Ref. [46℄. Later, Ref. [35℄ has
studied the eet of O(α2s) subleading logarithmi ontribution in the Sudakov form fator,
but only in the soft-gluon limit.
As shown in Refs. [47, 48℄, the orret model for the transverse momentum distribution
of the Higgs boson is ruial for unambiguous reonstrution of Higgs boson mass in the
H → ττ deay hannel. It is also important for disriminating the signal events from the
bakgrounds by arefully examining the qT distribution of the Higgs boson in Hbb¯ assoi-
ated prodution, followed by H → bb¯ deay [49℄. In this work, we study the eet of the
initial-state multiple parton radiation on the transverse momentum distribution of Higgs
boson produed at hadron olliders via bb¯ fusion. Our alulation inludes ontributions
from resummation up to next-to-next-to-leading logarithmi auray and xed-order per-
turbation theory up to next-to-leading order.
1
In view of the non-negligible mass of the
bottom quark and strong kinematial dependene of the b-quark parton density, speial
orretions (referred in this work as the heavy-quark mass orretion and kinematial
orretion) must be inluded in the resummation formalism to predit the bb¯ → H ross
setion in the full range of qT .
1
This order of auray is the same as that in the alulation [50℄ of the kinematial distributions for
weak gauge bosons produed via light quark annihilation in hadron ollisions.
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The rest of this paper is organized as follows. In Setion 2, we disuss the theoretial
framework for transverse momentum resummation used in this study and introdue the
heavy-quark mass orretion and kinematial orretion '. In Setion 3, we present the
numerial results for bb¯→H at the Tevatron and the LHC and ompare the qT distributions
predited by resummation alulations to PYTHIA preditions. Setion 4 ontains our
onlusions.
2. Resummation for heavy avors: theory
Kinematial distributions of Higgs boson produed in bottom quark-antiquark fusion at
hadron olliders are often omputed within the zero-mass variable avor number (ZM-VFN)
fatorization sheme, whih neglets masses of bottom and lighter quarks in hard-sattering
amplitudes. The 5-avor sheme is a realization of the ZM-VFN sheme at energies above
the bottom-quark mass threshold. The appliation of this sheme is justied beause the
massMH of the Higgs boson of interest lies in the range of a few hundred GeV, i.e., it is muh
larger than the massmb of the bottom quark. If all momentum sales in the ross setion are
of order Q ∼MH ≫ mb, for instane, when the inlusive rate for Higgs boson prodution is
omputed, the mass dependene of the hard-sattering amplitude is suppressed by powers of
a small fatorm2b/Q
2
and an be safely disarded. Meanwhile, large logarithms lnp(Q2/m2b),
arising from bb¯ pairs being produed in ollinear splittings of gluons, are resummed in the
parton distribution funtion (PDF) of b-quark in the proton by utilizing Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equations [5154℄. The perturbative parton distribution
of the bottom quark is set identially equal to zero at fatorization sales µF below the
b-quark mass threshold (µF < mb) and turned on at µF ≥ mb. In tehnial terms, suh
a denition orresponds to regularization of the ultraviolet divergene in the perturbative
b-quark PDF by zero-momentum subtration at µF < mb and MS subtration at µF ≥ mb
[55℄.
The 4-avor sheme an be viewed as a realization of the xed-avor number, or FFN,
sheme [5661℄, as far as the bottom quarks are onerned. This sheme does not introdue
nontrivial parton densities for heavy quarks, but rather keeps the heavy-quark ontributions,
inluding the logarithmi terms lnp(Q2/m2b), in the hard-sattering amplitudes. The heavy-
quark PDF is set identially to zero in the FFN sheme, as a onsequene of regularization
by zero-momentum subtration in the whole range of µF . As in the ZM-VFN sheme,
the mass-dependent terms are negligible in the FFN sheme at Q2 ≫ m2b , exept for the
logarithms lnp(Q2/m2b), whih, however, are not resummed into the heavy-quark parton
densities. Hene, at large Q, the fatorization sale dependene in the FFN perturbative
alulation is stronger than that in the ZM-VFN alulation, though the FFN alulation
is more reliable when Q is lose to mb. Both ZM-VFN and FFN shemes were applied
reently to Higgs boson prodution via bb¯ fusion with zero, one or two tagged b quarks in
the nal state [27, 28, 3133, 36, 37℄. A reent omputation of O(α2s) orretions [32℄ to the
bb¯ → H ross setion was realized in the ZM-VFN sheme, sine implementation of the
quark mass dependene is tedious beyond O(αs).
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However, neither the ZM-VFN sheme nor the FFN sheme will work well in a alu-
lation of the transverse momentum distribution of the Higgs boson, when qT is small, of
the order of the bottom quark mass. To properly desribe the small-qT region, large soft
and ollinear logarithms lnm(q2T /Q
2) must be resummed together with the mass logarithms
lnp(Q2/m2b), while keeping the essential dependene on the b-quark mass at qT ≈ mb.
Soft gluon resummation must be realized in a more omprehensive fatorization sheme (a
general-mass variable avor number sheme [62℄) to ahieve this goal [63℄. Formulation of
the Collins-Soper-Sterman (CSS) resummation method [64℄ in suh a sheme (simplied
Aivazis-Collins-Olness-Tung, or S-ACOT, sheme [62, 65℄) has been proposed reently [63℄
to ompute qT distributions in sattering proesses initiated by heavy quarks. The ad-
vantage of the S-ACOT sheme is that it retains massless expressions for hard-sattering
amplitudes with inoming heavy quarks (avor-exitation amplitudes), and hene, drasti-
ally simplies the alulation, while preserving the relevant mass terms. In this work, we
adopt the qT resummation formalism with the heavy-quark (HQ) mass eets proposed in
Ref. [63℄, hereafter referred to as the CSS-HQ formalism.
The CSS formalism and its appliation to bb¯ → H in the ZM-VFN sheme has been
disussed extensively in Refs. [46, 50, 66℄, and we refer the reader to those publiations for
details. Here we summarize the features of the CSS formalism essential for the understand-
ing of the numerial results in the next setion. We symbolially write the total (TOT)
resummed dierential ross setion dσ/dQ2dydq2T for h1(P1)h2(P2)
bb¯−→ H(q)X, where h1
and h2 are the initial-state hadrons, as
TOT = W+ PERT−ASY. (2.1)
W denotes the Fourier-Bessel integral of a resummed form fator W˜ (b,Q, x1, x2) introdued
in spae of the impat parameter b (Fourier-onjugate to qT ):
W ≡ 1
(2pi)2
∫
∞
0
d2b ei~qT ·
~b W˜ (b,Q, x1, x2).
PERT is the perturbative QCD ross setion, evaluated at a nite order of the QCD oupling
strength αs. The asymptoti piee ASY is dened as a perturbative QCD expansion of the
resummed W-term to the same order of αs as in PERT. The dierene of PERT and ASY,
whih we denote by Y ≡ PERT−ASY, is the regular part of the ross setion. x1 and x2 are
the light-one momentum frations of the partons entering the bb¯H vertex in W and ASY.
They satisfy x1,2 = Qe
±y/
√
S at qT → 0, with Q and y = 12 ln((q0+q3)/(q0−q3)) being the
invariant mass and rapidity of the Higgs boson, and the square of the h1h2 enter-of-mass
energy S ≡ (P1 + P2)2. We will disuss the hoie of x1,2 at nonzero qT in a moment.
The resummed form fator W˜ (b,Q, x1, x2) is omposed of perturbative QCD ontribu-
tions (dominant at b → 0) and non-perturbative ontributions (dominant at b → ∞). We
adopt the b∗ presription [64, 67℄ to evaluate the form fator W˜ (b,Q, x1, x2) numerially,
whih is given by
W˜ (b,Q, x1, x2) = W˜pert(b∗, Q, x1, x2)e
−FNP (b,Q). (2.2)
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In Eq. (2.2), W˜pert(b∗, Q, x1, x2) is the perturbative form fator, evaluated as a funtion of
the variable b∗ ≡ b/
√
1 + b2/b2max with bmax being a free parameter:
W˜pert(b,Q, x1, x2) =
pi
S
∑
a1,a2
σ(0) e−SP (b,Q) (2.3)[
(Cb/a1 ⊗ fa1/h1)(x1, b) (Cb¯/a2 ⊗ fa2/h2)(x2, b) + (b↔ b¯)
]
. (2.4)
Here
SP (b,Q) ≡
∫ C2
2
Q2
C2
1
/b2
dµ¯2
µ¯2
[
A(αs(µ¯)) ln
(
Q2
µ¯2
)
+ B(αs(µ¯))
]
(2.5)
is the perturbative Sudakov fator, with b0 ≡ 2e−γE ≈ 1.123, and
∑
a
(Cb/a ⊗ fa/h)(x, b) ≡
∫ 1
x1
dξ
ξ
Cb/a(ξ, b, µF ,mb)fa/h(
x
ξ
, µF ) (2.6)
is a onvolution of the Wilson oeient funtion Cb/a(x, b, µF ,mb) for outgoing b quarks
and parton density fa/h(x, µF ), summed over the intermediate parton states a. The overall
normalization is given by
σ(0) =
pi
6
(
mb(Q) tan β
v
)2
δ(Q2 −M2H) , (2.7)
where β and v are the Higgs-doublet mixing angle and vauum expetation value, respe-
tively. The bottom quark running mass mb(Q) is evaluated at the sale Q [46℄, and MH is
the mass of the Higgs boson H.
The non-perturbative ontributions are desribed by the exponential e−FNP (b,Q). For
simpliity, the funtion FNP (b,Q) is assumed to be the same in the heavy- and light-quark
hannels and taken from the global qT t [66℄ for bmax = 0.5 GeV
−1
. This approximation is
suient for the purposes of the omparison of the resummation alulation with PYTHIA
and may be rened by using alternative presriptions, suh as the revised b∗ model [68℄, in
the future analyses.
The perturbative expressions for the funtions PERT, ASY, and the oeients A(1),
B(1) and A(2) of the funtion W an be found in Refs. [46, 50℄. The O(αs/pi) oeients
C(1)b/a(x, b, µF ) in the Wilson oeient funtions Cb/a(x, b, µF ) are dierent in the ZM-VFN
and S-ACOT fatorization shemes. In the ZM-VFN sheme,
C(1)
b/b
(x, b, µF ) =
CF
2
(1− x)− ln
(
µF b
b0
)
P
(1)
q/q
(x)
+ CF δ(1 − x)
[
− ln2
(
C1
b0C2
e−3/4
)
+
V
4
+
9
16
]
, (2.8)
C(1)b/g(x, b, µF ) = TRx(1− x)− ln
(
µF b
b0
)
P
(1)
q/g(x), (2.9)
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where TR = 1/2 and CF = (N
2
c − 1)/(2Nc) = 4/3 are the QCD Casimir invariants (with
Nc = 3), P
(1)
q/q(x) = CF [(1 + x
2)/(1 − x)]+ and P (1)q/g(x) = TR(x2 + (1 − x)2) are the O(αs)
splitting funtions, and V =pi2 − 2.2
The oeient B(2) for Nf ative quark avors an be obtained following the method
presented in Refs. [69, 70℄. It is found to be
B(2) = B(2)universal + β0
V
4
(2.10)
with β0 = (11Nc − 2Nf )/6,
B(2)universal = −
δP
(2)
q/q
2
+
β0CFpi
2
12
+ β0CF
((
ln
b0
C1
)2
− 3
2
lnC2 − ln2C2
)
− CF
((
67
36
− pi
2
12
)
Nc − 5
9
TRNf
)
ln
(
b20C
2
2
C21
)
, (2.11)
and
δP
(2)
q/q = C
2
F
(
3
8
− pi
2
2
+ 6ζ3
)
+CFNc
(
17
24
+
11pi2
18
− 3ζ3
)
−CFTRNf
(
1
6
+
2pi2
9
)
, (2.12)
where ζ3 = 1.202057... is the Riemann zeta-funtion ζn for n = 3. Throughout the paper, we
hoose the fatorization onstants C1 = b0 and C2 = 1, and the fatorization sale µF = b0/b
in the Wilson oeient funtions Cb/a(x, b, µF ) and parton distributions fa/h(x, µF ). We
note that the above results for the C(1) and B(2) oeients are dierent from the ones
presented in Ref. [35℄, where only soft gluon ontributions were onsidered.
In the S-ACOT sheme, we inludemb dependene in the Wilson oeient C(1)b/g(x, b, µF )
for gluon splitting into a bb¯ pair (i.e., b← g splittings):
C(1)b/g(x, b,mb, µF ) = TRx(1− x) bmbK1(bmb)
+P
(1)
q/g(x)
[
K0(bmb)− θ(µF −mb) ln
(µF
mb
)]
, (2.13)
where K0(z) and K1(z) are the modied Bessel funtions [71℄. This expression redues to
the massless result in Eq. (2.9) when b≪ mb:
lim
bmb→0
C(1)b/g(x, b,mb, µF ) = TRx(1− x)− ln
(
µF b
b0
)
P
(1)
q/g(x) , (2.14)
sine K0(z) → 0 and K1(z) → 1/z as z → 0. We keep massless expressions for the
remaining perturbative oeients in W, PERT, and ASY, in aordane with the rules of
the S-ACOT sheme [63℄. In partiular, the mass dependene is negleted in PERT and
ASY, as their dierene ontributes substantially to Eq. (2.1) only at qT ∼ Q≫ mb.
While PERT is evaluated by using the exat 2→ 2 kinematis, the phase spae element
in the W and ASY terms is unique only in the limit qT → 0, but may be dened in
2
The V term shown here is dierent from that in Eq. (14) in Ref. [46℄, as a result of a typo in Eq. (14),
f. Eq. (A2), of that paper.
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several ways at nonzero qT . At qT of order Q, momentum frations x of the initial-state
partons must be large enough to produe the Higgs boson with a large transverse mass
Mt =
√
Q2 + q2T ; too small momentum frations x ∼ Q/
√
S aessible at qT → 0 are not
allowed. To introdue information about the redution of phase spae available for ollinear
QCD radiation at large qT , we dene the light-one momentum frations x1 and x2 in W
and ASY as
x1,2 ≡ 2(P2,1 · q)/S =Mte±y/
√
S . (2.15)
As qT → 0, x1 and x2 redue to their Born-level expressions, xBorn1,2 = Qe±y/
√
S, and
the anonial CSS form is reprodued. At larger qT , ontributions from unphysial small
momentum frations are exluded from W and ASY by the growing Mt in x1,2. We will
argue that this presription of redening the values of x1,2, to be referred as the kinematial
orretion in this work, is ruial for prediting the resummation ross setions in bb¯ hannel
at large qT , due to the strong dependene of the b-quark PDF on x in the relevant kinemati
regions of the Tevatron and the LHC.
The next setion presents numerial omparisons of the parts of the resummation ross
setions (TOT, W, PERT, and ASY), omputed under various assumptions about the order
of the perturbative oeients in αs, fatorization sheme, and kinematial orretion. Our
naming onventions for various terms are summarized in Table 1. A numerial argument in
the names of the PERT and ASY funtions indiates the order of the perturbative alu-
lation. For example, PERT(1) stands for the O(αs) perturbative piee. Three arguments
following the names of the funtions W and TOT indiate orders of the funtions A and B
in the Sudakov fator (2.5), and Wilson oeient funtions Cb/a(x, b, µF ,mb) in Eq. (2.6).
For example, the A, B, and C funtions in the W(2,2,1) distribution are evaluated up to or-
ders α2s, α
2
s, and αs, respetively. The S-ACOT fatorization sheme and ative kinematial
orretion are indiated by the supersript HQ (for heavy-quark) and subsript KC (for
kinematial orretion), as in W
HQ
KC
(1,1,0) for the W(1, 1, 0)-term with the kinematial
orretion evaluated in the S-ACOT sheme.
Order of QCD oupling strength αs Kinematial S-ACOT
A(αs(µ¯)) B(αs(µ¯)) Cb/a Y orretion sheme
TOT(1,1,0) 1 1 0 1 - -
TOT(2,2,1) 2 2 1 1 - -
TOT
KC
(2,2,1) 2 2 1 1 yes -
W(1,1,0) 1 1 0 - - -
W(2,2,1) 2 2 1 - - -
W
KC
(2,2,1) 2 2 1 - yes -
W
HQ
KC
(2,2,1) 2 2 1 - yes yes
PERT(1) - - - 1 - -
ASY(1) - - - 1 - -
ASY
KC
(1) - - - 1 yes -
Table 1: Naming onventions for qT distributions in Setion 3.
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3. Numerial results
In this setion we present the numerial results of our study for a Higgs boson produed
via bottom quark fusion at the Tevatron Run-2 (a 1.96 TeV proton-antiproton ollider) and
the LHC (a 14 TeV proton-proton ollider). To make our study less dependent on SUSY
parameters, we fous on prodution of the CP-odd Higgs partile A, sine the Yukawa
ouplings of A to the heavy quarks are independent of the Higgs mixing angle.
First, we study in details the Tevatron ase, and then present our nal results also for
the LHC. As an example, we have hosen mA to be 100 GeV and 300 GeV, respetively, for
the Tevatron and LHC studies. Our results ould be trivially generalized to the prodution
of any neutral Higgs boson H by properly saling the bb¯A Yukawa oupling to the atual
one. In our studies the value of tan β was hosen to be 50. The tree level Yukawa oupling of
bottom quarks and the CP-odd Higgs boson (A) in the minimal supersymmetri Standard
Model (MSSM) is equal to mb tan β/(
√
2v), where the bottom quark mass is 4.7 GeV, and
the vauum expetation value v is about 246 GeV. To improve the numerial preditions, we
have resummed the large logarithms originated from the QCD radiative orretions to the
bb¯A Yukawa oupling by introduing the running bottom quark mass at the sale of Higgs
boson mass, as done in Ref. [46℄ for alulating the next-to-leading order QCD orretions
to the prodution of bb¯→ A in hadron ollisions. The running bottom quark mass is about
2.98 GeV for mA = 100 GeV.
The full event generator, suh as PYTHIA, an give a fair desription of the event
topology after turning on the QCD showering from the initial and, possibly, nal states,
whih are generated by the probability funtions alulated from the relevant Sudakov form
fators [72℄. Therefore, it is a ommon pratie to ompare PYTHIA preditions to the
event shape of experimental data. For example, the shape of the qT distribution of the vetor
boson produed at hadron olliders an be fairly desribed by the PYTHIA program, though
the normalization of the event rate is usually o the sale, beause it does not inlude all
the nite part of higher order QCD orretions [50℄. As ompared to the CSS resummation
formalism, the PYTHIA alulation does not inlude ontributions generated from the C-
funtions and the Y-term. Therefore, a fair omparison to the PYTHIA predition is to
inlude only the Sudakov ontributions in a resummation alulation. In Fig. 1, we show the
predition of W(1,1,0) and ompare it to the PYTHIA predition for the hard sattering
proess bb¯ → H [72℄.3 It is evident that W(1,1,0) predits a very dierent shape of qT
distribution from PYTHIA in bb¯ → A prodution, though the integrated rates (i.e., the
areas under the two urves) are about the same. On the ontrary, in the ase of vetor boson
prodution that is dominated by light quark satterings in the initial state, the above two
alulations predit similar, though not idential, qT distributions [50℄. Fig. 1 illustrates
that the peak position of qT distribution predited by PYTHIA is lower than that by the
resummation alulation W(1,1,0). Also, PYTHIA predits a narrower shape in the qT
distribution. It is important to understand the ause of this dierene in order to reliably
3
The invariant mass uto of parton showers (the parameter PARJ(82) in the omputer ode), below
whih partons are assumed not to radiate, was hosen to be 1.0 GeV, whih is the default value of PYTHIA
version 6.2.
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predit the qT distribution of the Higgs boson produed in bb¯→ A proess.
A lose examination reveals that when PYTHIA generates QCD showering, the kine-
matial distributions of the nal-state partiles (inluding the quarks and gluons generated
from QCD showering) are slightly modied to satisfy energy-momentum onservation at
eah stage of showering. Namely, the kinematis of Higgs boson is modied aording to
the amount of showering. By this, it eetively inludes some part of higher-order on-
tribution (similar to part of PERT(1) ontribution). On the other hand, in the W(1,1,0)
alulation the emitted soft gluons are assumed not to arry any momentum (stritly in the
soft limit), whih implies that the Y-term ontribution ould be important for determining
the shape of qT distribution. From Fig. 1, we expet the Y-term ontribution to be nega-
tive at large qT ∼ mA in order for the result of resummation alulation to resemble more
the PYTHIA predition. Moreover, the Sudakov form fators in PYTHIA ontain some
additional O(α2s) ontributions when using the next-to-leading order PDF's to generate
the event distributions. Thus, we should improve the resummation alulation by inlud-
ing next-to-leading order perturbative orretions. The resulting distribution, denoted as
TOT(2,2,1), is the sum of W(2,2,1) and PERT(1) with the subtration of ASY(1) to avoid
the overlapped ontribution, f. Eq. (2.1).
As shown in Fig. 2, ASY(1) and PERT(1) almost oinide as qT → 0, and then ASY(1)
urve goes inreasingly above PERT(1) urve as qT inreases, yielding a negative term
Y=PERT(1)-ASY(1). By adding suh a negative Y-term to W(2,2,1) in TOT(2,2,1), we
W(1,1,0)
PYTHIA
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
10
-1
1
10
10 20 30 40 50 60 70 80 90 100
Figure 1: qT distributions predited byW(1, 1, 0) and PYTHIA, shown as solid and dashed urves,
respetively, for a 100 GeV Higgs boson produed via bb¯ fusion at the Tevatron Run-2.
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improve agreement of the resummation and PYTHIA preditions. This behavior onrms
our expetations from the above mentioned inspetion of the distributions shown in Fig.1.
It is also important to know what auses the dierene from the vetor boson produ-
tion in light-quark annihilation hannels (e.g., uu¯ → Z), in whih the Y-term is positive.
Two possible auses are the dierenes between the hard-part matrix elements inluded
in PERT(1) for bb¯ → A and uu¯ → Z proesses, and the dierenes in the shapes of the
parton distributions for b and u quarks at the x values typial for prodution of a 100 GeV
Higgs boson at the Tevatron. This will be illustrated in the next gure. Another omment
about Fig. 2 is that the dierene in TOT(2,2,1) and TOT(1,1,0) omes from the dierene
in W(2,2,1) and W(1,1,0). The oeients C(1) inluded in W(2,2,1) mainly hange the
overall normalization to inlude (part of) the next-to-leading order ontributions that are
not aounted for, even after inluding higher-order (i.e., O(α2s)) ontributions A(2) and
B(2) in the Sudakov form fator.
To examine the eets of the hard-part matrix elements and the shape of parton dis-
tribution funtions on the shape of qT distribution, Fig. 3 ompares the results of four
alulations. The upper-left plot shows again the result of our bb¯ → A alulation pre-
sented in Fig. 2. The upper-right plot is obtained from the upper-left plot by replaing
the hard-part matrix element PERT(1) for produing a CP-odd Higgs boson A by that for
produing a vetor boson Z. (Note that the quark masses are negleted in both ases.) The
➊ TOT(2,2,1) = W(2,2,1) + PERT(1) - ASY(1)
➊
TOT(1,1,0) = W(1,1,0) + PERT(1) - ASY(1)➁
➁
W(2,2,1)➌
➌
ASY(1)➍
➍
PERT(1)➏
➏
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
10
-1
1
10
10 20 30 40 50 60 70 80 90 100
Figure 2: qT distributions ontributed by various piees of the resummation alulations. ASY(1)
and PERT(1) almost oinide as qT → 0, and ASY(1) urve goes inreasingly above PERT(1) urve
as qT inreases to yield a negative term Y=PERT(1)-ASY(1).
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overall normalization fator ontributed by the bb¯A vertex is not hanged. Consequently,
the dierene between the two upper plots is entirely due to the kinematial dependene in
the hard-part matrix elements in the two proesses.
The lower-left plot is obtained from the upper-left plot for bb¯ → A by replaing the b
and b¯ PDF's by u and u¯ PDF's. This is to examine the eet from the dierent shapes
of the b- and u-quark PDF's. Finally, the lower-right plot is obtained from the upper-left
plot by replaing both the hard-part matrix element for bb¯ → A and b-quark PDF by the
hard-part matrix element for uu¯→ Z and u-quark PDF.
The four plots learly show that the dierene due to the replaement of the hard-part
matrix element is small, while the dierene due to the replaement of the PDF is large.
If we replae the bottom quark PDF by the up quark PDF, then the Y-term beomes
positive, in agreement with what has been observed in the previous alulations for vetor
boson prodution. From this omparison, we onlude that the shape of bottom quark PDF
auses the Y-term to be negative. As all sea-parton PDF's, the b-quark PDF is a rapidly
dereasing funtion of x in the whole range of x, while the u-quark PDF, whih inludes a
10
-1
1
10
0 20 40 60 80 100
10
-1
1
10
0 20 40 60 80 100
10 2
10 3
0 20 40 60 80 100
PERT
ASY
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
PERT
ASY
Zpert
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
PERT
ASY
PDFu
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
PERT
ASY
Zpert + PDFu
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
10 2
10 3
0 20 40 60 80 100
Figure 3: Sensitivity of qT distributions to the hoie of hard-part matrix elements in PERT(1)
and parton distribution funtions. The upper-left plot is the reprodution of Fig. 2. In the upper-
right plot, the hard-part matrix element of bb¯ → A is replaed by that for uu¯ → Z, but the PDF
is not hanged. In the lower-left plot, the bottom-quark PDF is replaed by the up-quark PDF,
but the hard-part matrix element of bb¯ → A is not hanged. In the lower-right plot, both the Z
hard-part matrix element and u-quark PDF are used in the alulation. The plots show that the
Y-term in bb¯→ A is negative mainly due to the strong x dependene of the bottom quark PDF.
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substantial valene omponent, varies slower with x. As disussed in Setion 2, the energy-
momentum onservation in PERT(1) prevents too small x ≈ Q/
√
S from ontributing at
nonzero qT . Meanwhile, suh x are inluded in ASY(1), evaluated using small-qT phase
spae. Consequently ASY(1) may be enhaned ompared to PERT(1) by large PDF's from
smaller x, espeially in the ase of the sea-quark PDF's. As a result of the PDF-indued
enhanement in bb¯ sattering, inlusion of the Y-term brings the resummation alulation
loser to the PYTHIA predition.
As disussed in Setion 2, the kinematial orretion (KC), whih ompensates for
small, but nonzero energy of soft gluon emissions, an play an important role in explaining
the dierene between the resummation and PYTHIA preditions. Thus, we alulated
TOTKC(2,2,1) by adding WKC(2,2,1) and PERT(1) and subtrating ASYKC(1) to ompare
it with TOT(2,2,1) in Fig. 4. It is indeed the ase that the kinematial orretion redues
the rate in the large-qT region, whih is onsistent with our intuition that qT will be re-
dued by the emission of (soft) gluons arrying away some energy. Fig. 4 also shows that
the loation of the peak of the qT distribution is not aeted by the kinematial orretion.
Hene, to explain why the peak position predited by PYTHIA is lower than that in the
resummation alulations disussed above, we should take into aount another important
piee of physis, whih is inluded in the PYTHIA event generator, but not in the above
resummation alulations. That is the eet of the bottom-quark mass mb on the uninte-
grated parton distribution of the bottom quark inside the resummed W term. PYTHIA
TOTKC (2,2,1)
❶
❶
TOT(2,2,1)
②
②
WKC (2,2,1)
❸
❸
W(2,2,1)
④
④
ASYKC (1)
❺
❺
ASY(1)
⑥
⑥
PERT(1)
❼
❼
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
10
-1
1
10
10 20 30 40 50 60 70 80 90 100
Figure 4: Impat of the kinemati orretion on the qT distribution. The kinematial orretion
redues the rate in the large-qT region.
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always generates the initial-state bottom quarks from the gluon splittings, with the proper
kinematis for the massive bb¯ pairs imposed at the end of the bakward-radiation asade
hain [72℄. However, the proper mb dependene was not inluded in the massless resum-
mation alulation disussed thus far. The mb dependene an be introdued in the CSS
resummation formalism using the method developed in Ref. [63℄ and disussed in detail in
Setion 2. The eet of the heavy-quark mass orretion an be learly seen from Fig. 5.
While the kinematial orretion redues the rate at large qT , the heavy mass mb shifts the
peak of the distribution to lower qT , so that the resummation ross setion agrees better
with the PYTHIA ross setion.
In onlusion, our predition on the qT distribution of Higgs boson produed via bot-
tom quark fusion in hadron ollisions is given by TOT(1), whih is obtained by adding
WHQKC(2,2,1) and PERT(1) and subtrating ASYKC(1). The numerial result is shown in
Fig. 6 (left) for Tevatron (mA = 100 GeV) and in Fig. 6 (right) for LHC (mA = 300 GeV),
respetively, where TOT(1) is also ompared to the PYTHIA predition and the xed-order
predition PERT(1).
As one an see, results for Tevatron and LHC are qualitatively similar. It remains to
be the ase that the peak position in qT distribution predited by PYTHIA is lower than
that by TOT(1), and in the large qT region, TOT(1) rate is larger than the PYTHIA rate.
WKCHQ (2,2,1)
WKC (2,2,1)
W (2,2,1)
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
 
(p
b/G
eV
)
0.7
0.8
0.9
1
2
3
5 10 15 20 25 30 35 40 45 50
Figure 5: The ombined eet of the heavy-quark mass (HQ) and kinematial (KC) orretions.
The heavy-quark mass orretion shifts the peak position of the qT distribution to a lower qT , while
the kinematial orretion redues the rate in the large-qT region.
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Next, we examine how our onlusions are modied by the O(α2s) orretions to the Y-
term. We alulate ASYKC(2) using its exat O(α
2
s) expression and estimate the PERT(2)
piee in the large-qT region by multiplying PERT(1) by the O(α2s) K-fator (∼ 1.75) for
the Tevatron ase, extrated from Fig. 11 in the reent alulation [27℄ of the O(α2s) rate for
Higgs boson prodution at large qT . The resulting TOT(2), evaluated similarly to TOT(1),
but using the exat ASYKC(2) and the estimated PERT(2), is only slightly smaller than
TOT(1), not more than a few perent, for qT larger than 30 GeV for the Tevatron ase.
Finally, Fig. 7 shows the integrated ross setion as a funtion of the minimal qT in the
alulation for the Tevatron (left) and LHC (right). This is another way to illustrate the
dierenes in the shape of qT distribution obtained in the resummation, xed-order, and
PYTHIA alulations.
4. Disussion and Conlusion
We studied the eet of initial-state multiple soft-gluon radiation on the transverse mo-
mentum (qT ) distributions of Higgs boson produed via bottom-quark fusion at hadron
olliders. Due to the shape of the bottom-quark parton distribution funtion that rapidly
dereases with x, the Y-term in the bb¯→ A proess is negative, and the kinematial orre-
tion largely redues the rate in the high-qT region. After the b-quark mass is onsistently
taken into aount in the CSS-HQ resummation formalism [63℄, the position of the peak
in the qT distribution shifts to a lower value, while the rate in the high-qT region remains
unhanged. The ombination of the kinemati orretion and heavy-quark mass orretion
TOT(1)=WKCHQ (221) + PERT(1) - ASYKC (1)
PERT(1)
PYTHIA
Tevatron
bb–  → A
qTHiggs(GeV)
ds
/d
q T
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TOT(1)=WKCHQ (221) + PERT(1) - ASYKC (1)
PERT(1)
PYTHIA
LHC
bb–  → A
qTHiggs(GeV)
ds
/d
q T
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Figure 6: Comparison of qT distributions predited by TOT(1), PERT(1) and PYTHIA, for Higgs
boson produed via bb¯ fusion at the Tevatron Run-2 (left) and LHC (right) for mA =100 and 300
GeV respetively.
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makes the resummation preditions resemble more the PYTHIA preditions, as shown in
Fig. 6.
As noted in Se. 2, we assumed the non-perturbative funtions in the CSS-HQ resum-
mation formalism for the heavy bottom quark are the same as those for the light quarks in
our numerial alulations. However, additional non-perturbative dynamis, suh as that
assoiated with intrinsi heavy quarks [73℄, might be present in the heavy-avor hannels.
In the future, when experimental data (likely, from the assoiated prodution of Z boson
with bottom (anti)-quark [7476℄, and from the t-hannel single-top prodution [7786℄)
beomes available to measure the bottom quark parton distribution funtion together with
those non-perturbative funtions, we will be able to improve our theoretial predition on
the qT distribution of any hard-sattering proess that is initiated by bottom quark in-
teration in the initial state. Nevertheless, we expet the qualitative omparison between
TOT(1) and PYTHIA preditions shown in Fig. 6 to stay valid, as these non-perturbative
variations at impat parameters b & b0/mb ≈ 0.25 GeV−1 would result in mild modula-
tions in qT spae at qT . 30 GeV. More importantly, dierenes in the shape of the two
preditions in the large-qT region have impliations for the disovery potential of the Higgs
boson, as they will aet the signiane of the signal event after imposing the kinemati
ut on the transverse momentum of the Higgs boson to suppress bakground or to enable
the reonstrution of the signal kinematis.
TOT(qTmin)
PERT(qTmin)
PYTHIA(qTmin)
Tevatron
bb–  → A
qTmin(GeV)
s
(q
Tm
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) (
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)
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10 20 30 40 50 60 70 80 90 100
TOT(qTmin)
PERT(qTmin)
PYTHIA(qTmin)
LHC
bb–  → A
qTmin(GeV)
s
(q
Tm
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) (
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)
1
10
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10 20 30 40 50 60 70 80 90 100
Figure 7: Comparison of the integrated rates, dedued form Fig. 6, as a funtion of the minimal
qT value taken in the integration at the Tevatron Run-2 (left) and LHC (right) for mA =100 and
300 GeV, respetively.
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